The decomposition process of maltose in subcritical water was studied using a tubular reactor in the temperature range of 180 to 260 C and at 10 MPa. The formation of glucose and 5-hydroxymethyl-2-furaldehyde during the maltose decomposition was also observed. The decomposition rate of maltose was faster at higher temperatures. The rate was approximated by first-order kinetics during the early stage of the decomposition, but was accelerated and deviated from these kinetics at the later stage. The effluent pH decreased as the residence time in the reactor increased and the decrease of pH affected the maltose decomposition rate and glucose formation. Low pH of a feed solution accelerated maltose decomposition. A good correlation was obtained between the pH of the effluent and the rate constant of the first-order kinetics.
During the past decade, sub-and supercritical fluids have been widely explored as solvent and reaction media because of their unique physical and chemical properties. Subcritical water has characteristics different from those of ambient water. The density of supercritical water is intermediate between that of liquid water under ambient conditions and that of steam, although it depends on the pressure. Because the relative dielectric constant of water, which is 78.5 under ambient conditions, decreases to 27 at 225 C in its subcritical state, 1) the subcritical water behaves as a nonpolar solvent that is available for the extraction of hydrophobic substances. The ion product of subcritical water is about 3 orders of magnitude higher than that of ambient water. 2, 3) The high ion product indicates that the subcritical water potentially acts as an acid or a base catalyst. Because of such characteristics, sub-or supercritical water has been widely applied to various reactions such as the hydrolysis of esters, 4) epimerization, and decomposition of glucose, 5) cellobiose decomposition, 6) hydrolysis of vegetable oil, 7) and amino acid production from waste fish entrails by hydrolysis. 8) However, there are only a few kinetic studies on the decomposition of saccharides in subcritical water.
Attention has been paid to re-use of food wastes, which would contain starchy components. Their treatment by subcritical water produces glucose, 5-hydroxymethyl-2-furaldehyde, and organic acids. Every decomposition product has its potential use. For example, 5-hydroxymethyl-2-furaldehyde is a raw material for producing cosmetics, and organic acids such as lactic acid are usable to produce biodegradable polymers. In order to obtain one of the decomposition products in high selectivity, detailed kinetics are required. However, starch has a complicated structure, which makes detailed kinetic study difficult. Maltose is an intermediate in the starch decomposition. Therefore, we investigated its decomposition process as the first step for understanding phenomena occurring during the starch decomposition by subcritical water. This study would also be helpful in understanding the decomposition processes of various disaccharides 9) and polysaccharides such as cellulose. 10, 11) 
Materials and Methods
Materials. Maltose monohydrate was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Glucose and Glucose CII test Wako were purchased from Wako Pure Chemical Industries (Osaka, Japan). 5-Hydroxymethyl-2-furaldehyde (abbreviated HMF; 99%) was purchased from Sigma (St. Louis, MO, U.S.A.) and stored in the dark in a refrigerator.
Maltose decomposition. Figure 1 shows a schematic diagram of the experimental apparatus. A feed solution was prepared by dissolving maltose monohydrate in distilled water at a concentration of 0.5% (w/v), unless otherwise specified, and degassed under reduced pressure. The concentration was calculated based on the amount of anhydrous maltose. The maltose solution was fed by an LC-10ATvp high-pressure pump (Shimadzu, Kyoto, Japan) and the pump was operated in the constant flow rate mode. The reservoir of the maltose solution was equipped with a gasbag filled with helium gas to prevent dissolution of oxygen from the ambient atmosphere. The solution was then passed through a reactor made of stainless steel (SUS 316) tubing with outer and inner diameters of 1/16 inch and 0.8 mm, respectively. The length of the tubular reactor was 0.5, 3, or 6 m depending on the residence time. The reactor was immersed in an MH-5E oil bath (Riko-Kagaku Sangyo, Tokyo, Japan) filled with silicone oil (SRX310, Toray Dow Corning Silicone, Tokyo) and the oil in the bath was magnetically stirred to keep a specific temperature between 180 to 260 C. The reaction mixture leaving the reactor was introduced into the iced-water bath to stop the reaction. The pressure of the system was regulated at 10 MPa with a back-pressure valve (Model 26-1761-24, Tescom, USA) throughout this study. The reaction mixture was filtered through an in-line filter of 40 to 55 m pore size to prevent blocking of the valve by carbonized products. After ten times of the residence time or longer had elapsed, the effluent was collected in a sampling vessel for analysis.
The flow rate was corrected by considering the density of water at the reaction temperature and pressure. [12] [13] [14] Based on the corrected flow rate and the reactor volume, which was calculated from the inner diameter and length of the reactor, the residence time was estimated.
Decomposition of maltose dissolved in pH-adjusted water or in maltose hydrolysate. To examine the effects of pH on the maltose decomposition, maltose was dissolved in water, the pH of which was adjusted to 3.70 or 4.26 with 0.1 mol/l HCl, and then decomposed at 220 C for various residence times. A maltose solution of 1% (w/v) was decomposed at 220 C for a residence time of 5 min and the effluent was then collected. Under these conditions, the maltose was completely decomposed. The hydrolysate was used to prepare a 0.5% (w/v) maltose solution. The concentrations of glucose and HMF in the solution were 0.29% (w/v) and 0.25%, respectively, and the pH of the solution was 3.3. Maltose was then decomposed at 220 C for different residence times.
Analysis. The concentration of the remaining maltose in the effluent was measured using an LC-10AS HPLC (Shimadzu) with a refractometer (YRU-880 midget, Shimamuratech, Tokyo), a Supelcogel K column (30 cm Â 7:8 mm ID) and a Supelguard K guard column (5 cm Â 4:6 mm ID). The eluent was 15 mmol/l K 2 HPO 4 at 0.55 ml/min. The sample injection volume was 25 l.
The glucose concentration was measured by a glucose oxidase-peroxidase method (Glucose CII test Wako).
The HMF concentration in the effluent was measured by HPLC (LC-10ADvp, Shimadzu) with an ODS-A column (100 Â 4:6 mm ID, YMC, Kyoto) and a SPD-6A UV detector (Shimadzu) at 284 nm. The eluent was a mixture of methanol and water (1:9 by vol.) at 0.5 ml/ min and the sample injection volume was 25 l.
Results and Discussion
Maltose decomposition at different temperatures Figures 2(a), (b) and (c) show the maltose, glucose, and HMF concentrations in the effluent, respectively, as a function of the residence time at various temperatures and 10 MPa. Maltose was more rapidly decomposed at the higher temperatures. Although the maltose decomposition was accelerated at the long residence times to give a convex curve on a semi-logarithmic scale at every temperature, the first-order kinetics was applicable for short residence times as shown by the dotted line. The rate constant k for the first-order kinetics was evaluated from the slope of the line. As shown in the inset of figure (a), the temperature dependence of the rate constant could be expressed by the Arrhenius equation:
where E is the activation energy, k 0 is the frequency factor, R is the gas constant, and T is the absolute temperature. The E and k 0 values were estimated to be 140 kJ/mol and 3:16 Â 10 12 s À1 , respectively, from the line in the inset.
Similar to cellobiose, 6) maltose would be first hydrolyzed to two glucose molecules, and then the glucose produced would be further decomposed to HMF 15) or other compounds. At 180 and 200 C, the glucose concentration monotonously increased as the residence time became longer. At higher temperatures, however, it increased with the residence time, reached a maximum, and then declined for longer residence times. A lag was observed in the HMF formation. These facts indicated that the decomposition of maltose proceeded consecutively, as mentioned above.
At low temperatures, the HMF concentration also monotonously increased with the residence time. At 260 C, however, the HMF concentration rapidly increased and tended to become constant at a low level. The stability of HMF in subcritical water was examined at 220 and 260 C at a residence time of 300 s. The HMF was stable and not decomposed under these conditions (data not shown). These results suggested that, in the later stage of the maltose decomposition, glucose was decomposed to not only HMF but also to other compounds, which would cause the decrease in pH of the reaction mixture as will be shown later. Figure 3 shows the effect of the maltose concentration in the feed on its decomposition at 220 C. The initial decomposition rate constants were almost the same. However, the decomposition was more accelerated at the higher maltose concentrations. The pH of the effluent was measured at room temperature when 0.2 and 0.5% (w/v) maltose solutions were fed. The pH decreased with the residence time, and the decrease was greater for the maltose solution of higher concentration. The increase in the feed maltose concentration did not affect the glucose formation but suppressed the HMF formation.
Maltose decomposition at different feed concentrations

Effects of pH on maltose decomposition
It was reported that the decomposition of fructooligosaccharides depended on the pH of the feed. 16) Maltose dissolved in water, the pH of which was adjusted at 3.70 or 4.26, was decomposed at 220 C (Fig. 4) . The pH of the maltose solution dissolved in distilled water was 5.87, and the decomposition process is also shown in the figure. Maltose was more rapidly decomposed at the lower pHs. As the maltose decomposition proceeded, the pH of the effluent decreased. This decrease in pH at short residence times was unusual for the maltose dissolved in distilled water. Because maltose was rapidly decomposed at the lower pHs, the glucose was rapidly formed at the lower pHs.
The pH of the effluent seemed to approach the same value when the residence time was prolonged. The HMF formation was scarcely dependent on the pH of the feed. However, the concentrations of glucose, which is converted to HMF, were quite different for the feed solution at short residence times. Therefore, low pH promoted the maltose decomposition and the glucose formation but suppressed the HMF formation. (c) show the maltose decomposition, glucose and 5-hydroxymethyl-2-furaldehyde (HMF) formation, respectively, at different residence times. The maltose concentration in the feed, C M0 , was 0.5% (w/v) (14.6 mmol/l). C M , C G and C H are the maltose, glucose and HMF concentrations in the effluent, which were expressed in units of mol/l, respectively. The dotted lines in (a) were drawn at the short residence times to estimate the rate constant k for the first-order kinetics.
The inset of (a) shows the Arrhenius plot for the rate constant k. T is the absolute temperature.
Decomposition of maltose dissolved in the maltose hydrolysate As shown above, the maltose decomposition was accelerated for the long residence times. This result suggested that the compounds in the hydrolysate promoted the maltose decomposition, although they were not identified. To confirm this hypothesis, maltose was dissolved in the hydrolysate and its decomposition process was measured at 220 C (Fig. 5) . Maltose dissolved in the hydrolysate decomposed more rapidly than maltose dissolved in distilled water. The larger amount of HMF was formed from maltose dissolved in the hydrolysate than from maltose dissolved in distilled water. The results suggested that the hydrolysate and its low pH improved the maltose decomposition and the HMF formation.
Relationship between pH of the reaction mixture and the rate constant for the first-order kinetics
The above-mentioned results suggested that the pH of the reaction mixture played an important role in the maltose decomposition. We reported that the decomposition processes of various disaccharides in subcritical water could be expressed by the Weibull equation, which was also applicable for maltose decomposition:
where C M0 is the maltose concentration in the feed solution, C M is the maltose concentration in the effluent, k W is the rate constant, the reverse of which is called the scale constant, and n is the shape constant. This equation was applied to the decomposition processes of maltose shown in Figs. 2 to 5 and the constants, k W and n, were estimated based on a non-linear regression using Origin Ver. 6.1 (Microcal Software, Inc., Northampton, MA, USA). The solid curves for the C M =C M0 in the figures were drawn using the estimated constants. The curves for the pH, C G =2C M0 and C H =2C M0 were empirically drawn, where C G and C H are the concentrations of glucose and HMF, respectively, in the effluent. If we assume that the maltose decomposition obeys the first-order kinetics but that the rate constant, k, depends on the pH of the reaction mixture, the rate constant can be estimated by differentiating Eq. (2) in terms of the residence time, , as follows:
For the experimental data, for which the pH of the effluent was measured, the k values were calculated using Eq. (3). The maltose concentration in the feed, C M0 , was 0.5% (w/v) (14.6 mmol/l). Definition of C M , C G and C H , and the symbols are the same as in Fig. 3 . The k values are plotted versus the pH in the effluent in Fig. 6 . There was a good correlation between the k value and the pH except for the case where the pH of the feed was adjusted by HCl. This would indicate that the hydrolysis of maltose is catalyzed by the hydrogen ion which increased due to the production of acidic compounds during the maltose decomposition and that the acceleration of maltose decomposition at the later stage is ascribed to the increase of the acidic compounds. Addition of HCl, however, gave higher k values. The reason remains unclear. The concentration of hydrogen ion under the subcritical condition might be affected by the presence of HCl. A further study is needed to discover the reason for the correlation. Kinetics and the pH of the Effluent at 220 C. The symbols, , , , and represent the cases where maltose was dissolved in distilled water at 0.2% (w/v) and 0.5%, in water of pH 3.70 and 4.26, and in the maltose hydrolysate, respectively.
